Chromosomally integrated retroviral switch (S) substrates have been developed to reveal switch recombinase-like activities (SRLA) in pre-B and mature B cell lines. Switch substrate retrovectors (SSR) contain a long-terminal repeat-driven neomycin (Neo) gene for proviral chromosomal maintenance (pre-and post-S recombination) and a CMV promoter-driven, chimeric hygromycinthymidine kinase (Hytk) gene (flanked by S µ and S γ 2b recombination targets) to select for (ganciclovir) and against (hygromycin B) S region recombination. The retro-substrates' strong, constitutive promoters ensure that variations in cellular switch recombinase activities are independent of S region accessibility control. By initially selecting for proviral integrants in hygromycin followed by shifting into neomycin ⍣ ganciclovir to select for S sequence-mediated deletions, switch recombinations can be specifically forestalled in B cell lines whilst most switchincompetent cells do not survive secondary selection. A qualitative, direct PCR assay reveals that SSR recombinations are stochastic in B cell lines generating a product array akin to natural C H class switching. A semi-quantitative DC-PCR assay detects a significant recombinase activity only in a restricted set of late stage pre-B and mature B cell lines. BCL 1 B 1 mature B cells have the highest level of recombinase activity with 25% or more of proviral integrants accumulating S µ /S γ 2b substrate recombinations within 10-14 cell generations. The SSR recombinase assay can be performed in a transient fashion wherein extensive, B cell-specific recombination can be visualized within only a few cell divisions post proviral integration. We propose that switch recombinase activity becomes activated during B cell ontogeny independent of or prior to the acquisition of C H locus accessibility and that endogenous S segment targeting to pre-existing recombinase requires a level of accessibility beyond transcriptional activation.
Introduction
Ig heavy chain switch recombination culminates in the expres- (1) (2) (3) (4) (5) . Switch recombinations occur between tandemly repetitious switch (S) regions residing~2 kb 5Ј of each C H gene sion of antibodies with either γ, ε or α constant (C) regions in mature B cells (1) (2) (3) (4) (5) . Each B cell first expresses a unique, segment with the exception of C δ . Class switching by transcriptional or post-transcriptional mechanisms likely represcell surface IgM antibody. Class switching keeps the same heavy and light chain variable regions only exchanging the ents reversible events occurring in Ig-positive B cells prior to their C H isotype commitment (1) (2) (3) (4) (5) . Lengths and sequences µ constant region for one of several downstream C H genes to provide cellular effector functions (1) (2) (3) (4) (5) .
of S region tandem repeats vary considerably. GAGCT and GGGGT motifs are most frequently found in addition to other Committed C H gene switches are caused by DNA deletions replacing the C µ gene, 3Ј of an assembled V region gene, with sequences [e.g. ACCAG, GGAGC and TGAGC and (C/ T)AGGTTG] (2, 4, 6) . S regions are organized into larger taneither C γ 3, C γ 1, C γ 2b, C γ 2a, C ε or C α (murine nomenclature) demly repeated structures (4) . S µ consists of a 5Ј nonstochastic fashion in the absence of appropriate accessibility regulation. Our collective findings argue that the induction of repetitive region and a 3Ј segment with a solid block of~150 copies (BALB/c mice) of a (GAGCT) n GGGGT motif, where n the switch recombinase occurs as a function of B cell ontogeny independent of the subsequent acquisition of C H gene segranges from 1 to 7 (2, 4, 6, 7) . The S γ 2b region consists of 49mer tandem repeats with little homology to S µ but with ment accessibility. similarities to the other S γ regions (2, 4, 6) . S α consists of larger 80mer repeats while S ε repeats have an irregular repeat Methods length with high S µ homology (4, 8, 9) . S α , S ε and the 3Ј repetitive half of S µ are the most homologous S sequences (4) .
Cell culture Switch recombinations resemble illegitimate, pseudoAll growth media (GM) were supplemented with penicillin reciprocal events. Even though S region breakpoints have (100 U/ml) and streptomycin (100 µg/ml). BCL 1 B1 cells (35) not generally revealed conserved sequences, switch-like were cultured in RPMI 1640 (Gibco, Grand Island, NY) sequence motifs are generally found nearby (2, 4, 6) . Sequence supplemented with 10% FBS (Hyclone, Logan, Utah), duplications and mutations restricted to one side of switch L-glutamine (2 mM), NEAA (100 µM) (Gibco), sodium pyruvate sites have implied a role for error-prone DNA synthesis via (1 mM) and 2-mercaptoethanol (50 µM). 70Z/3B (36), 22D illegitimate priming by one S region on another (10) . Switch (21), 18-81 (37), 300-18 (38) and KK125 cells (39) were recombinations in normal B cells generate circular DNA bycultured in RPMI 1640 supplemented with 10% FBS and 2-products also suggestive of a reciprocal process (11) (12) (13) . We mercaptoethanol (50 µM). U937 cells were cultured in RPMI first demonstrated with retroviral substrate vectors that S 1640 supplemented with 10% FBS. J558 (40) , ISPMELC (41), region sequences were alone sufficient to specifically promote EL4 (42) and CV1 (ATCC, Rockville, MD) cells were cultured switch recombination in B cell lines (14, 15) with recombinain DMEM (Gibco) supplemented with 10% FBS. CS-HeLa tions only occurring in the retrovector's S region sequences.
(ATCC) and NIH 3T3 (ATCC) cells were cultured in DMEM Additional evidence of B cell specificity has subsequently supplemented with 10% CS (Gibco). 293 and Bing (CAK8) been reported by other groups employing episomally replicat-(43) cells were cultured in DMEM supplemented with 10% ing plasmids (16) (17) (18) (19) . Individual C H gene segments are FBS and L-glutamine (2 mM). GP ϩ envAm12 cells (44) were selected for recombination in vivo by virtue of their differential cultured in DMEM supplemented with 10% NCS (Gibco), 1/2 accessibility to what is believed to be a common switch HXM (hypoxanthine, 7.5 µg/ml; xanthine, 125 µg/ml; mycorecombinase (5, 20) . Germline or so-called sterile transcripts phenolic acid, 12.5 µg/ml) and hygromycin B (200 µg/ml). of unrearranged C H genes exist prior to switch recombination Geneticin selections were performed in appropriate cell line (5, 20, 21 ). Transcription of these C H transcripts is induced by media at the following dosages: BCL 1 B 1 , 70Z/3B, NIH 3T3 a variety of external stimuli and cytokines (lipopolysaccharide, and ISPMELC (600 µg/ml); CV1 and GP ϩ envAm12 (800 µg/ CD40L, IL-4, IL-5, IL-10, IFN-γ and transforming growth factorml); KK125, HeLa and EL4 (1.0 mg/ml); J558 (1.25 mg/ml); β) which contribute to the choice of C H gene segment for 18-81, 300-18 and U937 (1.5 mg/ml). Hygromycin B was subsequent recombination (5, (21) (22) (23) (24) (25) (26) . Regulation is exerted employed as follows: BCL 1 B 1 (200 µg/ml); NIH 3T3 and 70Z/ in cis by inducible promoters for each C H transcript and also 3B (800 µg/ml); U937, CV1, HeLa and 300-18 (1.0 mg/ml); appears to be orchestrated by one or more 3Ј C H enhancers EL4 (1.25 mg/ml); ISPMELC (1.5 mg/ml). Ganciclovir (Syntex, (3Ј E α s) (27) (28) (29) (30) (31) (32) (33) (34) . Thus the act of transcription per se appears Palo Alto, CA) was utilized for all cell lines at 2 µM. to promote an appropriate chromatin configuration allowing access to the recombinase. However, recent evidence for the Retrovector switch substrate construction potential requirements of RNA processing signals and strandThe pSP72 (Promega, Madison, WI) vector was modified by specific transcription collectively suggest that primary C H conversion of the XhoI linker site to an additional ClaI site transcripts or their spiced intermediates may represent part generating SP72Cla2. The Hytk gene with attached CMV of an DNA/RNA recombination intermediate (19, 33) .
promoter was isolated as a 2.9 kb XhoI-SalI fragment from The nature of the C H gene switch recombinase remains ptgCMV/HyTK (45) and inserted into the SalI site of unknown and our understanding of its mechanism of action pSP72Cla2. A 1.85 kb HindIII fragment containing a portion still rudimentary. In vivo measurements of class switch of the BALB/c S µ region (46) was inserted upstream of Hytk. recombination do not distinguish regulation of S sequence Then, 1.25 kb of S γ 2b sequences derived from a BALB/c accessibility from recombinase activity itself or its targeting.
germline S γ 2b sub-clone (47) was inserted into the BamHI Defining the class switch recombinase mechanism and its site 3Ј of the Hytk gene. The resulting ClaI switch cassette regulation by necessity therefore requires the separation of was inserted into the unique ClaI cloning site of the LNSL accessibility control from the direct control of the recombinase retroviral vector (48) or LNL, an SV40 promoter deleted activity itself. Chromosomally integrated retroviral switch derivative. The plasmid was linearized at a unique SspI site sequence substrates have been developed as a reliable in pSP72 prior to transfection into the packaging cell lines. means to select for and against switch recombinase-like activities (SRLA). Since these retro-substrates harbor strong Switch substrate retrovirus (SSR) preparation constitutive promoters, any differences in SRLA are independent of chromatin accessibility control. In this paper, Bing (CAK8) cells were transfected with linearized switch plasmid DNA precisely adhering to the calcium phosphate we have utilized a number of immortalized B cell lines to demonstrate by sensitive PCR assays that the S region protocol of Pear et al. After a 10 h incubation, media was changed and cells grown for 24-48 h dependent on their recombinase is B cell stage specific and functions in a density (43, 49) . Upon reaching confluence, GM was replaced of the primers, MgCl 2 and dNTPs from the other reaction components in a lower chamber created by wax beads with RPMI 1640 ϩ 5% FBS for an additional 16 h incubation after which the resultant viral harvests were passed through a (Perkin Elmer) prior to amplification. The cycling conditions were: 94°C for 4 min initial denaturation; 32 cycles of 94°C 0.45 µm filter. Filtered viral supernatants was then immediately concentrated 4-to 6-fold with Centriprep-500 centrifugal for 1 min, 60°C for 1 min and 72°C for 1 min; final extension at 72°C for 5 min. The second round nested reaction consisted concentration units (Amicon, Bedford, MA). Viral titers of 5ϫ10 5 -2ϫ10 6 neo f.f.u./ml were routinely obtained.
of the same components as the first round except for the use of nested 5Ј S µ primer p5 (5Ј-GGCCCAGCTCATTCCAGTTCFor some experiments (sequential drug selections), viruses were alternatively prepared from stable producer clones 3Ј) and nested 3Ј S γ 2b primer p6 (5Ј-TGTGAGGAACCA-GACCCAGTAAGA-3Ј) along with 2 µl of amplified product prepared by electroporation (1500 V, 25 µF) of GP ϩ envAm12 cells (44) with switch plasmid DNA. Cells were exposed to from the first round PCR as input DNA. The first round and nested S µ and S γ 2b primers were derived from 5Ј and 3Ј non-G418 (800 µg/ml) 48 h after transfection in DMEM/10% NCS GM. Supernatant from confluent cultures of G418-resistant repetitive sequences of S µ (51) and S γ 2b (52) respectively from within the retrovector. clones was filtered (0.45 µm pore). Individual clones of GP ϩ envAm12 cells produced a broad range of viral titers Hytk, Neo and Myc. The same components and reaction from 10 3 to 10 5 neo f.f.u./ml.
conditions as above were utilized in a single round of multiViral titers were determined by infection of 5ϫ10 5 NIH 3T3 plexed non-nested PCR with the use of primer set p1 (5Ј-cells for 3 h with serially diuted viral harvests followed by G-CGTACACAAATCGCCCGCAGAAGC-3Ј) and p2 (5Ј-CCCCC-418 selection 48 h later with neomycin resistant clones GATATGAGGAGCCAGAACG-3Ј) to detect Hytk (45) and appearing within 8-10 days.
primer set p7 (5Ј-ATGGCCGCTTTTCTGGATTC-3Ј) and p8 SSR infections (5Ј-CTCGCTTACTAGGGCTCTCAACC-3Ј) to detect Neo (53) .
For some experiments (direct PCR of transiently infected cells GP ϩ envAm12 viral supernatants. Cells (1ϫ10 5 ) were incubin Fig. 5 ), a murine c-Myc primer set verified the relative ated with 1 ml of viral supernatant supplemented with 8 µg/ qualities of genomic DNAs: 5Ј-TGGAAACCCCGGTAAGCAml polybrene (Sigma, St Louis, MO) in 5% CO 2 at 37°C. After CAGA-3Ј and 5Ј-CCGGTTTTCCCTTCCCCTTTCCT-3Ј derived 3 h the medium was removed and a second infection carried from the gene's exon 1/intron 1 junction and intron 1 respectout. Sixteen hours later medium was replaced with 2 ml of ively yielding a 206 bp fragment (54) . PCR products were GM and incubated for another 48 h prior to drug selection. separated on 5% polyacrylamide gels and stained with ethidium bromide. Bing (CAK8) viral supernatants. Cells (1ϫ10 5 ) cells were incubated with an appropriate volume of viral supernatant Semi-quantitative DC-PCR assay for switch recombination yielding a m.o.i. of 1:1 (typically 100 µl of a 10 6 p.f.u./ml titer) along with 8 µg/ml polybrene in 5% CO 2 at 37°C. After 3 h, Genomic DNA (2 µg) was digested overnight with 20 units of the media was changed for fresh GM and the cells allowed BamHI in 100 µl. The enzyme was heat inactivated and 72 ng to grow for 48 h prior to drug selection.
(3.6 µl) digested DNA ligated at 16°C overnight with 6 units of T4 DNA ligase in a total volume of 40 µl (i.e. 1.8 µg DNA/ DNA isolation ml). After heat inactivation of the enzyme, 12 ng of ligated DNA were generally isolated by standard phenol-chloroform DNA (6.7 µl) was utilized for the first round of DC-PCR methods as previously described (46) except for DC-PCR amplification (55) . In addition to the ligated genomic DNA, a wherein a more rapid lysis technique, suitable for smaller first round PCR reaction contained 0.5 mM of S µ primer p1 quantities of cells was employed (50) . Cell pellets were (5Ј-CAGTCCAGTGTAGGCAGTAGA-3Ј) and S γ 2b primer p2 suspended in 500 µl TEN (100 mM Tris, pH 8, 5 mM EDTA, (5Ј-GGTGAGCATCCAGAAAATC-3Ј), 5 mM KCl, 1 mM Tris-0.2% SDS, 200 mM NaCl and 100 µg/ml proteinase K) and HCl, 1.5 mM MgCl 2 , 200 mM each dNTP and 2.5 U AmpliTaq incubated at 37°C for 1-2 h. An equal volume of isopropanol DNA polymerase (Perkin Elmer) in 50 µl. A hot start protocol was added to rapidly precipitate high mol. wt genomic DNA was used which consisted of separating the primers, MgCl 2 at room temperature. After centrifugation and a 70% ethanol and dNTPs from the other reaction components in a lower wash the DNA pellet was allowed to air dry prior to rechamber created by wax beads (Perkin Elmer) prior to solubilization in TE buffer at 56°C. The DNA was quantified amplification. The cycling conditions were as follows: 94°C by UV spectrophotometry and further verified by agarose gel for 4 min initial denaturation; 35 cycles of 94°C for 1 min, electrophoresis.
60°C for 1 min and 72°C for 1 min; final extension at 72°C for 5 min. The second round nested reaction consisted of the Direct PCR assay same components as the first round except for the use of nested S µ primer p3 (5Ј-GGCCCAGCTCATTCCAGTTC-3Ј) S µ -S γ 2b recombination. Genomic DNA (50 ng) was utilized for the first round of amplification. In addition to DNA, the first and S γ 2b primer p4 (5Ј-TGTGAGGAACCAGACCCAGTAAGA-3Ј) along with 2 µl of amplified product of the first round PCR round reaction in 50 µl contained 0.5 µM of 5Ј S µ primer p3 (5Ј-CAGTCCAGTGTAGGCAGTAGA-3Ј) and 3Ј S γ 2b primer as input DNA.
To control for the efficacy of the digestion and circularization p4 (5Ј-GGTGAGCATCCAGAAAATC-3Ј) in 5 mM KCl, 1 mM Tris-HCl, 1.5 mM MgCl 2 , 200 µM each dNTP and 2.5 U process, a nested c-myc gene DC-PCR was developed which utilizes exactly the same reaction conditions as the above. AmpliTaq DNA polymerase (Perkin Elmer, Branchburg, NJ). A hot start protocol was used which consisted of a separation Primer pairs from sequences within the myc first exon and intron were utilized producing a nested product of 125 bp. promoter/enhancer in the LNSL construct) to utilize the same 3Ј LTR poly(A) addition site as genome length First round primers were: intron one, 5Ј-CGGCACATGGACTT-GATGTT-3Ј; exon one, 5Ј-TGATGTTGGGTCAGTCGCAG-3Ј retroviral RNA and to avoid potential inhibitory effects of opposing transcription units. The presence of multiple strong (54) . Second round nested primers were: intron 1, 5Ј-GATGTGACCGATTCGTTGAC-3Ј; exon 1, 5Ј-GGAATTACTApromoters (LTR, SV40 and CMV) ensures the transcriptional competence and hence constitutive accessibility of the CAGCGAGTCA-3Ј (54) . PCR products were separated on 5% polyacrylamide gels and stained with ethidium bromide.
integrated provirus to trans-acting nuclear factors. The neomycin gene serves as a selection marker for provirus
Hybridizations of S-S PCR products
integration. Polyacrylamide gels of PCR products were electroblotted onto Sensitive assay for the SSR recombination status nitrocellulose filters and hybridized essentially as previously described (56) to a mixture of uniformly 32 P-labeled S µ -and
To measure the recombination status of the chromosomally S γ 2b-specific DNA probes.
integrated SSR, a sensitive, direct PCR analysis scheme was developed (Fig. 2 ). In the absence of recombination Hytk remains intact, whereas recombination results in its Results loss. The presence of Hytk is detected as a PCR product using primers which span the hygro and Htk junction of Structural characteristics of the SSR the chimeric Hytk gene. If S-S-mediated recombination We have previously employed SSR to detect a B celloccurs between the S µ and S γ 2b tandem repeats of the specific recombination activity with high specificity for S SSR, a range of possible products can be formed depending region sequences (12, 13, 55) . Here, we have employed two upon the location of the recombination breakpoints within SSR [LNSL(S µ /S γ 2b)Hytk and LNL(S µ /S γ 2b)Hytk] as high each switch sequence. A sensitive assay employing nested titered amphotyped viruses permitting the convenient, dual PCR primers detects S-S recombination events exclusively selection for and against S region-mediated recombination occurring within the S µ and S γ 2b tandem repeats. The S µ / in either rodent or primate cells (Fig. 1) . The LNL and S γ 2b hybrid products are visualized in ethidium bromide LNSL constructs differ only in whether the SV40 promoter/ stained gels and also confirmed to be S µ -S γ 2b fusions by enhancer is present upstream of the substrate's S µ sequential hybridizations with S µ and S γ 2b repetitive sequences. Frequencies of switch recombination of these sequence probes (data not shown). The unrearranged two types of SSR in B and non-B cell lines were found to parental provirus would be expected to produce a 5 kb be the same by drug selection or PCR assays. The switch product with these nested primers and would be undetectcassette comprises segments of the BALB/c mouse S µ and able under these particular analytical conditions. S γ 2b regions separated by the bifunctional Hytk gene driven by the strong CMV promoter (45) . The S µ donor sequence
Phenotypes of SSR-infected cells in drug supplemented comprises 1460 bp of tandem repeats and 340 bp of 5Ј media flanking sequence (46, 51) and the S γ 2b acceptor sequence comprises 550 bp of 49 bp tandem repeats and 700 bp As a general test for switch recombination of chromosomally integrated proviruses numerous cell generations postof 3Ј flanking non-repetitive sequence (47, 52) . Hytk confers hygromycin resistance as well as herpes simplex virus infection, cell lines representing B (300-18, 70Z/3B, BCL 1 B 1 ), T (EL4), erythroid (ISPMELC), pre-monocyte (U937) and thymidine kinase (Htk) function thus permitting selection for and against S-mediated deletion by ganciclovir (gcv) non-hematopoietic (NIH 3T3, CS-HeLa) cells were infected with the LNL(S µ /S γ 2b)Hytk SSR, and 48 h later subjected insensitivity and hygromycin B (hygro) resistance respectively. The Hytk gene was placed in the same transcriptional to various drug selection strategies. Separate aliquots of the SSR-infected cells were selected in geneticin (neo) orientation as the long terminal repeat (LTR) (and the SV40 Fig. 2 . Direct PCR assay to assess the S-S recombination status of retroviral substrates. The detection of a 460 bp Hytk PCR product by the use of primer pair p1/p2 indicates non-recombination of the retroviral substrate. Switch-sequence-mediated recombination is detected by nested PCR employing primers p3/p4 followed by p5/p6 which results in products ranging from 40 to 2190 bp. The location of the primers is such that products Ͼ70 bp must possess recombination break-points within the tandem repeats of both S µ and S γ 2b. Primer pair p7/p8 can be used as a control to detect the presence of the retrovector per se independent of recombination status. S µ and S γ 2b repetitive sequence probes are highlighted by overhead, horizontal bars.
alone, hygromycin B (hygro) alone or a combination of neo Table 1 . Growth characteristics of switch retrovector-infected cell lines in drug supplemented media and 2 µM ganciclovir (gcv). After 14 days, the hygroresistant (hygro r ) clones were subjected to neo/gcv selection for an additional 14 days. The results of a microscopic selection with all three B lineage cell lines indicating that prior prolonged hygro treatment did not select out clones with a permanently disabled SRLA. In fact, the 300-18 and BCL 1 B 1 lines exhibited little growth crisis post drug shift, death, whereas EL4 and ISPMELC eventually produced a limited number of clones. In order to directly assess the growing as vigorously in neo/gcv as in hygro. In sharp contrast, U937, NIH 3T3 and CS-HeLa cells could not SRLA in these latter sequential hygro → neo/gcv selections, direct PCR analyses were carried out. withstand this treatment which resulted in complete cell Fig. 3 . S-S recombination of the switch substrate occurs subsequent to chromosomal integration. Cell lines were infected with LNL(S µ / S γ 2b)Hytk and 2 days later the medium was supplemented with hygromycin B to ensure selection of cells carrying the un-rearranged switch substrate. After 2 weeks the hygro r cells were transferred to medium containing G418 (neo) and ganciclovir (gcv) to select for the persistence of switch recombinase-like activity. neo r /gcv r clones were allowed to grow for several cell generations and then pooled into a single population. 300-18 and BCL 1 B 1 cells routinely yielded large populations of Ͼ100 neo r /gcv r clones while non-B cell lines like ISPMELC and EL4 only yielded a small number of survivors (see Table 1 ) suitable for molecular analysis. DNAs were isolated from pools of hygro r (Ͼ100 independent clones per pool) and neo/gcv r clones, and were subjected to direct PCR analysis for recombination status. Left: B cell lines. Right: non-B cell lines. h, selected in hygromycin B; n/g, selected in neo/gcv subsequent to hygro selection. BCL 1 B 1 (n) is a positive control consisting of DNA from pooled populations of neo r cells infected with the LNSL(S µ /S γ 2b)Hytk SSR. The upper panels illustrate the switch recombination products revealed by nested PCR primers p3/p4 followed by primers p5/p6. The lower panels reveal the presence of Hytk (primers p1/p2) and neo (primers p7/p8 ) gene sequences. The locations of all primers are provided in Fig. 2 and their sequences in Methods. The mol. wt marker is HaeIII digested φX174 DNA with its sizes shown in bp.
Direct PCR analysis for S-S recombinants after hygromycin
continuous, negative drug selection for numerous cell generations. Some of the non-B cells such as EL4 and CS-HeLa or subsequent Neo/Gcv treatment (Fig. 3, right) exhibited weak, single bands of unique sizes in Genomic DNAs were isolated from large populations of indethe hygro r populations indicative of extremely rare events pendent clones of hygro r and neo r /gcv r cells previously occurring in single cells in each experiment which are unlike selected in hygro and analyzed by the direct, nested PCR true switch recombination. As stated above, attempts to (Fig. 2) . Large populations of hygro r cells (Ͼ100 clones) were detect bona fide SRLA in these cells by additional G418/GCV employed for all cell lines while similar sized populations of selections were all negative. Other non-B cells such as CV1 neo r /gcv r clones were only available for the 300-18 and (a monkey kidney epithelial line), U937 and ISPMELC were BCL 1 B 1 lines since non-B cell lines only yielded a small completely negative for recombination (Fig. 3, right) . The number of poorly growing neo r /gcv r survivors (see Table 1 ).
retention of Neo and Hytk sequences was assessed by a less B cell lines 300-18 and BCL 1 B 1 exhibited numerous differently sensitive, non-nested, multiplex PCR reaction containing a sized recombination products (Fig. 3, left) after neo/gcv combination of Neo and Hytk gene primers. As expected, the selection whereas EL4 and ISPMELC were negative for BCL 1 B 1 hygro r cell population contained strong Neo and recombination (Fig. 3, right) . The presence of S-S recombinaHytk gene signals. Interestingly, after selection for neo and tion bands in 300-18 and BCL 1 B 1 , during continuous hygro ganciclovir resistance, this population of BCL 1 B 1 cells showed selection, most likely reflects dying cells deleting their hygro a complete loss of the Hytk signal (despite retaining the Neo genes by switch recombination just prior to DNA isolation. gene) indicating that most if not all of the SSR had recombined Such rare cells lacking the SSR Hygro gene would presumably via the S µ and S γ 2b sequences. The direct PCR assay also retain a transient resistance to hygromycin by virtue of cytorevealed numerous switch recombination products within the plasmic retention of the hygromycin phosphotransferase SSR only after neomycin selection in BCL 1 B 1 (Fig. 3 , left enzyme. This latter result is indicative of the high sensitivity panel), 300-18 and CH12Lx (a mature B line shown to undergo of the nested, direct PCR and also verifies the ongoing, endogenous S µ ϾS α recombination) (57,58) (data not shown) suggestive of high constitutive recombinase activity. stochastic nature of the SRLA in these cell lines even under 
Semi-quantitative analysis of SRLA in cell lines
reasons: (i) LNSL contains an additional, conveniently located BamHI site between the S µ sequences and the Neo gene, In order to facilitate a semi-quantitative estimation of the and (ii) the SV40 DNA fragment in LNSL provides a convenient SRLA, a sensitive DC-PCR method was developed for the hybridization probe for sequences outside of the S sequences LNSL-based SSR (Fig. 4A) . This method employs an approwith the retention of these sequences also verifying that priate restriction enzyme (BamHI) to cut within the constant recombination occurred between the S µ and S γ 2b repeats. flanking sequences of all SSR recombination products which Increased sensitivity is afforded by nested primers producing is then followed by ligation of the digested products under a 840 bp product. As a control for DNA quality and the dilute conditions to favor the formation of circular isoforms (55) .
success of the multi-step DC-PCR process, a c-myc gene Appropriate donor and acceptor switch sequence primers (5Ј DC-PCR assay was employed with sense and anti-sense S µ anti-sense and 3Ј S γ 2b acceptor sense sequences) amplify nested primers derived from the gene's first intron and exon across the ligated junction resulting in the formation of PCR sequences respectively (54) . Cell lines were infected with products of a defined length (55) . Only bona fide recombina-LNSL(S µ /S γ 2b)Hytk, subjected to neo selection and expanded tion events are scored in this assay since the BamHI digestion for~10-14 cell generations post-infection. DNA from at least step also separates the S µ and S γ 2b sequences of unre-100 independent neo r clones was pooled, digested with arranged SSR into two separate fragments. The LNSL SSR was chosen over its sister LNL SSR for this analysis for two BamHI, circularized and diluted various-fold with genomic 
Detection of recombined SSR in transiently infected B cells
Given the stochastic behavior of the recombinase activity, the 300-18 ϩϩϩϩ ϩϩϩϩϩ --ϩϩ -ϩ high-efficiency SSR delivery and the sensitivity of direct PCR
for S-S events, we next scored for switch recombinations in
infected cells which had not been subjected to neomycin with S µ and S γ 2b primer pairs p3/p4 followed by p5/p6 (see selection and allowed to grow for~14 generations post-infection. Hybridizations with repetitive S sequence probes residing in between the PCR primer pairs revealed that all 300-18 PCR products were bona fide S µ -S γ 2b recombinants. Furthermore, the switch recombinase of the 300-18 line easily remains DNA of uninfected cells which had also undergone the same digestion/circularization procedure. DC-PCR analysis was detectable down to 20 ng of genomic template with each band corresponding to one recombination event in 1-4 cells. performed for S-S recombination status with 12 ng aliquots of DNAs from each of the resulting dilutions in accordance An independent single round PCR assay with c-Myc-specific primers verified that all DNA samples were of comparable with the standard DC-PCR protocol as described above and in Methods. Comparative results for a number of cell lines quality (Fig. 5C ). Other non-B cell lines (including the M14T pre-T cell line possessing functional endogenous RAG1 and are presented in Table 2 . A representative example of the template dilution analysis for the 300-18 line is provided in RAG2 activities) (56) were also negative like the 3T3 line. Fig. 4(B) wherein SSR recombination is detected out to a 1/100 dilution but becomes undetectable at 1/250. BCL 1 B 1 Discussion exhibited the highest levels of SSR recombination, detectable out to 1/500. This latter dilution is equivalent to an input of SSR have now been developed enabling the retention of chromosomally integrated proviruses with and without S four genomic equivalents of SSR-infected DNA indicating that at least 25% of the SSR had recombined. This is a minimum region-mediated recombinations in a wide variety of cell types. The nature of the retroviral life cycle is such that cells estimate of the degree of SSR recombination given the inherent inefficiency of the multi-step DC-PCR protocol. Deterharboring the integrated provirus should possess only one copy of the integrated SSR per cell. In this respect, SSR are mination of the dilution endpoints for each of the cell lines provides a semi-quantitative estimate of the amount of SRLA uniquely different from other in vivo switch recombinase assays employing episomal plasmid vectors harboring S present in each cell line (Table 2) . Thus 300-18 and 18-81 (late stage pre-B) demonstrate SSR recombination at a 1/100 sequences. Unlike SSR, the later extrachromosomally replicating switch substrates have exhibited a more relaxed mode of dilution (5% SSR recombination) whilst the 70Z/3B pre-B line and 22D mature B are only active down to 1/10 (0.5% SSR recombination extending to more mature antibody-secreting B cell lines and non-B cell backgrounds (16, 19 ) with a recombination). Interestingly the diminished SRLA activity of the 22D line correlates with its previously characterized significant percentage of recombinations also occurring outside the S sequences (16, 17, 19) . In addition, the presence reduced switch potential (21). 22D was originally isolated as a moderately switching sub-clone of the I-29µ B lymphoma of high substrate copy numbers per cell in the latter assays could effect the requirements for unknown, potentially limiting (21). Other more differentiated B cells such as the human Burkitt's lymphoma KK125 and the murine plasmacytoma J558 cellular factors in addition to producing more background noise. The SSR recombination assay is not subject to such exhibited a markedly reduced SRLA since SSR recombination was not observed in these cells upon dilution (0.05% SSR potential limitations. Furthermore and as shown here, molecular analyses of cell clones harboring SSR, which have survived recombination). Occasional weak background recombination (Ͻ0.05%) in the 3T3 (murine fibroblast) and 293 (transformed sequential positive and negative drug selections, have pro-ies indicating the long-term retention of the SSR in an unrearranged form. Selection under neo ϩ gcv (scoring for Smediated recombinations within the SSR) resulted in the complete death of NIH 3T3 (fibroblast), CS-HeLa (epithelial) and ISPMELC (erythroid) cell lines. The presence of numerous neo r /gcv r colonies with 300-18 and 70Z/3B late stage pre-B lines and BCL 1 B 1 mature B cells is indicative of a B cell stage-specific SRLA. It should be noted that the EL4 mature T and human U937 pre-monocyte lines did produce a limited number of poorly growing colonies perhaps representing the presence of a weak SRLA or outgrowth of non-switched but 'leaky' gcv-resistant cells. After an additional 2 weeks of neo ϩ gcv selection subsequent to 2 weeks in hygromycin B, only the B cell lines survived and produced numerous vigorous colonies (although EL4 and ISPMELC also produced a limited number of phenotypically unhealthy neo r /gcv r cells). Thus the forestalling of SSR recombination by subjecting B cell lines to a 2 week pre-selection in hygromycin did not result in the significant selection of SRLA-negative cells.
A second, molecular analysis of the hygro r → neo r /gcv r cells by direct PCR demonstrated that 300-18 and BCL 1 B 1 exhibited numerous differently-sized S-S recombination products which were entirely absent in EL4 and ISPMELC. After sequential drug selections over 4 weeks of in vitro culture, direct PCR analyses revealed that recombinations in 300-18 and BCL 1 B 1 cells occurred subsequent to genomic integration of the SSR, ruling out the possibility of significant extrachromosomal recombination events prior to proviral integration. A large number of new S region recombination products uniquely appeared in the B cell lines after shifting them from hygromycin to neo/gcv selection and a complex pattern of recombination products was also detected in the same cell lines which had only been subjected to 14 days of neomycin selection. The presence in 300-18 and BCL 1 B 1 of a smaller number of recombination bands under continuous hygromycin B selection likely reflected dying cells which deleted their hygro genes by inter-S sequence recombination just prior to DNA isolation. Their resistance to hygromycin likely resulted from a considerable lag between their loss of the Hytk gene and the loss of enzyme activity and therefore hygro resistance. the term 'stochastic' here to be indicative of recombination (C) DNAs were submitted to a single round, direct PCR with c-Mycspecific primers to verify the relative quality of each sample. The size events occurring throughout the S sequence repeats by marker is a HaeIII digestion of φX174 DNA as in Fig. 3 .
chance from one cell generation to the next. However, this process is not stochastic in the sense that it remains switch region and B cell specific.
A semi-quantitative DC-PCR assay indicated SRLA levels vided a simple means of revealing an inherent SRLA operating post-SSR integration. A variety of hematopoietic and nonranging from relatively high (BCL 1 B 1 ), moderate (300-18, 18-81), low (70Z/3B, 22D) and very low or close to background hematopoietic cells stably retained SSR proviruses under either neomycin or hygromycin B selections which ensured the (J558, KK125). This DC-PCR assay detects a portion of the LNSL SSR consisting of SV40 and non-repetitive 3Ј S γ 2b maintenance of all proviruses and non-switch recombinants respectively. Moreover, under hygromycin B selection even sequences in a circular molecule produced by sequential restriction enzyme digestion and ligation reactions. Only those switch competent 300-18 cells easily produced hygro r colon-integrated proviruses having undergone inter-S sequence regions mediate switching and the nature of the gene product(s) comprising the switch recombinase also remains recombination can produce such circular templates. In the case of BCL 1 B 1, at least 25% of the integrated SSR in a stable unknown. It would seem unnecessary to invoke the existence of S region-specific switch recombinases (8, 62) . Indeed, one neo r population underwent inter-S sequence recombination within 10-14 cell generations. The latter DC-PCR technique study employing extrachromosomal S sequence substrates revealed that different S sequences were equally recombinagnor the former direct PCR assay do not individually prove that all recombinations occur between the S µ and S γ 2b sequences enic in the 18-81 pre-B cell line (18) which had only been shown to undergo endogenous µ → γ2b recombination (37). within the SSR. However, we believe that recombinations within the SSR are S region specific for several reasons: (i)
We envision that S sequences are recognized by the catalytic domain of a unique B cell-specific recombinase. The tandemly genomic Southern blots of numerous neo r clones of BCL 1 B 1 cells have only revealed S µ /S γ 2b recombinations with the LNL repetitive nature of S sequences would then facilitate the formation of a recombinagenic structure perhaps stabilized and LNSL SSR employed here (59) in agreement with results obtained with our original SSR (14, 15) , (ii) recombinations are by a strand-specific RNA:DNA hybrid (63-66). Constitutively transcribed, chromosomally integrated SSR would possess not likely to take place between the 5Ј LTR and the SV40 sequence since the cells are under constant selective presanalogous recombinagenic structures. However, the inherent ability of recombinase to mediate SSR recombination is, sure to retain the intervening neo gene, and (iii) the retention of SV40 promoter and 3Ј non-repetitive S γ 2b sequences in a presumably, greatly attenuated due to their lack of 'targeted accessibility' control. This would explain the cumulative, stochlarge fraction of the recombined SSR in neo r BCL 1 B 1 cells (revealed by DC-PCR for SV40 ϩ S γ 2b in Table 2 and by direct astic nature of SSR recombinations over numerous cell generations and the fact that endogenous C H gene switch PCR for Neo ϩ SV40 in Fig. 3 ). Chromosomally integrated SSR should mimic the milieu of the endogenous C H loci in which recombinations, in appropriately stimulated in vitro cultures of normal B cells, accumulate to a greater degree than SSR single copy nuclear genes are targeted for switch recombination. The endogenous loci of these cell lines were previously recombinations and only over a few cell divisions. We envision that 'targeted accessibility' would be a unique, induced status shown to be inactive with respect to our SRLA assays (59) but as shown herein for several late stage pre-B and mature of a mature B cell's IgC H locus. 'Targeted accessibility' could perhaps be orchestrated by 'switch recombinase targeting B cells (300-18, 18-81, 70Z3 and BCL 1 B 1 ), this was not due to repression of the recombinase complex itself or an factors' (SRTF) which preferentially associate with the inducible transcription complexes of cytokine regulated I exon activator thereof.
Of particular interest is the presence of the strongest promoters. Switch sequence-mediated DNA deletions would then efficiently ensue between the S sequences positioned measurable SRLA in the BCL 1 B 1 mature B line. Subclones of the IgM BCL 1 B 1 lymphoma were previously shown to coimmediately 3Ј of the targeted I regions within a few cell generations. We hypothesize that 'SRTF' would have multiple express cell surface IgM and IgG1 without endogenous DNA rearrangements (60,61). A very detailed study concluded that protein-protein interaction domains facilitating their simultaneous association with the switch recombinase and componthe dual isotype expression by these cells was a consequence of a RNA-mediated mechanism perhaps explicable by transents of I region transcription complexes. Recombinase competent B cell lines like BCL 1 B 1 and 300-18, whose endosplicing or RNA polymerase jumping (61) while S sequencemediated C H gene deletions were ruled out by several criteria genous IgC H loci are transcribed (38,61) but remain recombinationally inert, would presumably be lacking the necessary (60). For these reasons, we find that the presence of a strong SRLA activity in the parental line to be surprising and 'SRTF'. Alternatively, or in addition, unique B cell-specific S supportive of the ideas that: (i) switch recombinase becomes region binding proteins may also act as accessory targeting active during B cell development independent of or even molecules to recruit the recombination machinery by addiprior to the acquisition of C H locus accessibility, and (ii) tional protein-protein interactions. endogenous C H gene accessibility to the recombinase preOur ability to easily detect a strong, B cell-specific switch sent in lines like 300-18 and BCL 1 B 1 either requires an recombinase activity only several days post SSR integration additional boost in their transcriptional activity or operates at now opens the way to deploy this efficacious methodology in levels beyond their transcriptional activity per se. It is of short-term cultures of primary murine and human B lymphointerest in this context that even though BCL 1 B 1 cells and cytes. The use of SSR harboring the appropriate IgH locus their double expressing IgM/IgG1 subclones were carefully control elements introduced into CD40/cytokine-stimulated documented to lack µ → γ1 switch recombinations, they mature B cells should hopefully permit a complete evaluation occasionally begot cells with µ → γ2b switch recombinations of recombinase activity and its targeting as a function of (P. Tucker, pers. commun.), further supporting the concept normal B cell development. that efficient S region targeting involves a level of accessibility in addition to transcriptional activity. Bottaro and colleagues have reached a similar conclusion for normal murine B cells Acknowledgements in vivo by replacing the chromosomal I ε promoter and exon 
